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Abstract
The structure of the barchan field located between Tarfaya and Laayoune (At-
lantic Sahara, Morocco) is quantitatively investigated and compared to that in La
Pampa de la Joya (Arequipa, Peru). On the basis of field measurements, we show
how the volume, the velocity and the output sand flux of a dune can be computed
from the value of its body and horn widths. The dune size distribution is obtained
from the analysis of aerial photographs. It shows that these fields are in a statistically
homogeneous state along the wind direction and present a ‘corridor’ structure in the
transverse direction, in which the dunes have a rather well selected size. Investigat-
ing the possible external parameters controlling these corridors, we demonstrate that
none among topography, granulometry, wind and sand flux is relevant. We finally
discuss the dynamical processes at work in these fields (collisions and wind fluctua-
tions), and investigate the way they could regulate the size of the dunes. Furthermore
we show that the overall sand flux transported by a dune field is smaller than the
maximum transport that could be reached in the absence of dunes, i.e. in saltation
over the solid ground.
1 Introduction
Barchan dunes form under unidirectional winds – trade winds, mostly – when there is
a localized source of sand. By contrast, transverse dunes form under the same wind
conditions when sand, previously deposited by rivers, lakes or seas, covers the solid ground
[Bagnold, 1941; Cooke et al., 1993]. The initial instability mechanism forming these dunes
from a flat sand bed results from a coupling between the shape of the dune, the air flow
around it, the sand transport and the subsequent erosion/deposition processes. The scale
of the most unstable wavelength λm is related to the sand flux saturation length `s as
λm ∼ 12`s [Andreotti et al., 2002b; Elbelrhiti et al., 2005; Claudin and Andreotti, 2006].
This length is the distance the sand flux needs to relax to its equilibrium (i.e. saturated)
value and is, in first approximation, proportional to the turbulent drag length as `s ∼
4.4 ρs
ρf
d, where ρs and ρf stand respectively for the densities of the grains and the fluid
(air), and d for the grain diameter [Andreotti, 2004; Elbelrhiti et al., 2005]. The formation
of a single mature barchan after this initial stage, in particular the distribution of air
flow and sediment flux around the dune as well as the development of its characteristic
crescentic shape, has now reached a significant level of understanding [Lancaster et al.,
1996; Frank and Kocurek, 1996a; Frank and Kocurek, 1996b; Wiggs et al., 1996; Wiggs,
2001; Sauermann et al., 2003; Kroy et al., 2002; Hersen et al., 2004; Hersen, 2004].
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Barchan dunes may be observed in a variety of places on Earth [Fryberger and Dean,
1979; Cooke et al., 1993] and on Mars. They can be rather isolated but they can also
be found in large fields which show rather coherent and homogeneous corridor-like tens
of kilometers long structures. Within these corridors, dune size and spacing seems more
or less well defined but this size is not the elementary size at which dunes form as many
other non-linear mechanisms come into play. Previous field works have mainly focused
on the morphology and kinematics of individual dunes [Finkel, 1959; Long and Sharp,
1964; Norris, 1966; Lettau and Lettau, 1969; Hastenrath, 1967-1987; Slattery, 1990; Hesp
and Hastings, 1998; Parker Gay, 1999; Sauermann et al., 2000; Andreotti et al., 2002a].
Barchan fields have also been investigated [Lettau and Lettau, 1969; Corbett, 1999; Kocurek
and Ewing, 2005; Ewing et al., 2006; Ould Ahmedou et al., 2006], the most detailed and
complete studies concerning La Pampa de La Joya, in the Arequipa region (Peru) [Finkel,
1959; Lettau and Lettau, 1969; Hastenrath, 1967-1987]. This dune field is compared here
to the longest barchan field on Earth, in the Atlantic Sahara region (Morocco). At that
place, due to the shouldered profile of the shoreline next to the town Tarfaya, the beaches
provide some sand that can be transported inland by the winds. The barchan field starts
next to the sea and remains clearly visible for hundreds of km downwind, sometimes altered
or disturbed by relief such as large depressions of several km large (sebkhas) or by other
dunes coming from other sand sources.
From the phenomenological point of view, several attempts have been made to interpret
dune fields in the framework of complex systems and non-linear physics. Leaving apart the
details of sand transport and hydrodynamics, dunes may be seen as patterns emerging by
self-organization [Werner, 2003; Kocurek and Ewing, 2005]. The interest of this approach
also constitutes its main limitation as it focuses on the morphology of patterns. It suc-
cessfully relates the symmetries of dunes to that of the wind regime [Werner, 1995] but
fails to address questions regarding for instance their time and length scales, for which it
is essential to understand the dynamical mechanisms at the scale of the dune.
Barchan field stripes have been simulated by Lima et al. [2002] assuming that the sand
flux balance at the scale of a single dune makes it stable. However, it has been shown
later that this stability assumption is not self-consistent [Hersen et al., 2004], and that, in
response to perturbations such as strong wind variations or collisions, barchans destabilize
toward the generation of waves on their back and flanks [Elbelrhiti et al., 2005], possibly
leading to some calving processes.
Our aim is here two-fold. First, we wish to evidence the selection of the dune size
and the corridor structure. This has been previously inferred from aerial photographs in a
qualitative manner, but we provide in this paper a systematic and quantitative character-
isation of barchan fields. This will serve in the future as a bench-mark to test numerical
models. Second, we wish to investigate the parameter controlling the size of the dunes.
Is there a difference of grain size between a zone of large dunes and a zone of small ones
[Lancaster, 1982]? Is there a difference of wind speed? Is there a change of the nature of
the soil (rock, vegetation, etc) or of the topography? Is the dune size controlled by the
overall sand flux at the origin of the barchan field (the flux of sand deposited on the beach
by the ocean in the case of Atlantic Sahara)? Does the dune size result from that at which
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Figure 1: (a) Map of Atlantic Sahara (inset) with location of the different zones of study.
(b), (c) and (d): Schematic view of the barchan fields in the three zones A, B and C
respectively. Zone D is the place of the ‘mono-corridor’ discussed in the last section of the
paper and displayed in figure 13. The x axis is along the wind direction (arrow on the
map), and y is transverse. As defined more quantitatively later on, we set y = 0 at the
transition line between small and large dunes
they initially appeared, which would mean that the entrance conditions are memorised all
along the dune field? We show that all these possibilities should be rejected, in favour of
a regulation of the dune size by dynamical mechanisms. We finally discuss the hypothesis
of a control of dune size by the lateral sand transport stirred during storms.
2 Barchan dune corridors
In this section, we shall first give an overall and qualitative description of the two studied
sites. We then show that an effective dune size selection is at work in these fields, resulting
into a single or multi-corridor structure. This description is followed by the analysis of
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Figure 2: (a) Map of Peru (inset) with location of La Joya and the two zones of study.
(b) and (c): Schematic view of the barchan fields in these two zones E and F respectively.
Note the change of wind direction (arrows) from La Joya to Arequipa.
the size distribution and the quantitative evidence for the structure transverse to the wind
direction.
2.1 Two sites of study
Two barchan fields have been studied for this work. The first is located in Atlantic Sahara
(south of Morocco) where, besides collecting aerial photographs, we carried out many field
investigations. The second one is a barchan field in the Arequipa region of Peru. We have
not actually been there but worked with the available published documents as well as aerial
views that can be found online.
A map of the Moroccan region of interest is shown in figure 1a. There, the topography
is very flat in the form of a limestone-sandstone (Moghrebian) plateau over which trade
winds blow regularly, with a typical resultant drift potential RDP/DP ∼ 0.9 [Elbelrhiti
et al., 2005], i.e. a very unimodal wind regime (see Appendix A). The direction of these
winds is slightly oriented to the west, making an angle of 23◦ to the north. This direction
is precisely the direction of dune propagation and consequently that of the corridors. We
chose to study dunes in the sub-region between the towns of Tarfaya and Laayoune, which
are approximately a hundred km apart. More precisely, we selected three different places:
zone A slightly south of Tarfaya (27◦51′N, 12◦55′W); zone B next to the town of Tah
(27◦42′N, 12◦59′W); zone C slightly north of Laayoune (27◦19′N, 13◦11′W). The zones are
typically 4 km long and 4 to 7 km wide. The distance between A and B is about 20 km,
and 40 km between B and C. Schematic top views of these three zones are displayed in
figure 1.
Although the three fields in figure 1 do not look exactly the same – e.g. dunes are clearly
larger in zone B than in A and C – they all show a similar structure transverse to the wind
direction: dunes next to the eastern border of the field are large and far apart from each
4
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Figure 3: Position of the six reference points marked to measure dune and horn widths
and lengths as well as the asymmetry. This photo is from the barchan field of La Joya.
The wind comes from the top (arrow). Note the sand leak at the horn tips.
other, whereas further into the field the dunes are smaller and their spatial distribution
denser. As they have a transverse expansion much smaller than along the wind direction,
we call ‘corridor’ these places of roughly uniform dune size and density. We must emphasize
that the corridor pattern of zone B is not the direct continuation of that of zone A – same
with zone C with respect to zone B – as some topographic interruptions (depressions or
Sebkhas, additional sources of sand [Oulerhi, 1992]) locally break or modify the barchan
field in between these zones. However, each time the dune field runs over a large uniform
terrain, the same general pattern is recovered.
It is interesting to compare these data with those from the barchan field close to La
Joya railway station (16◦43′S, 71◦51′W), see figure 2. Although this field is not very large –
approximately 30 km long – several studies have been devoted to this place, and barchans
have been followed over decades [Finkel, 1959;Lettau and Lettau, 1969; Hastenrath, 1967-
1987]. The wind there blows roughly from south to north. Unfortunately, no permanent
weather station has been installed in the dune field so far. The closest one is at the airport
of Arequipa, close to moutains and it gives a low RDP/DP factor of the order of 0.4, due
to frequent reversing winds (see Appendix A and figure 15). Two zones there have been
selected. A first one (E) close to the beginning of the field, and a second one further north
close to the train station (F) which exactly corresponds to Lettau and Lettau’s work site
[Lettau and Lettau, 1969]. These two zones are separated by 10 km and barchans eventually
disappear 20 km further north of zone F in an agricultural area. A schematic view of the
barchans in these zones is displayed in figure 2. In contrast to Atlantic Sahara, the field is
very homogeneous in size and density, with a single stripe of small and diluted dunes.
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2.2 Quantitative evidence for a transverse structure
With a careful analysis of the aerial photographs, one can get a systematic measure of
some of the dune characteristics, namely the width W , the length L, and the left and right
horn widths ∆l,r. These quantities can be computed from six data points: the back of the
dune, the two sides, the two tips of the slip face at the horns, and finally the most interior
point of the slip face, see figure 3 and Appendix A. Comparing the left and right horn
widths, the asymmetry of the dune can be also estimated. For the following graphs, an
approximate number of 5000 dunes have been measured in the Moroccan field and several
hundreds in Peru.
At this stage, we shall briefly discuss an important length scale issue. As a matter of
fact, most of the results presented here are plotted in real units – lengths in m, volumes
in m3 – but it is essential to be able to fairly compare some data with others obtained
in different situation, e.g. in another dune field. For example, what do we mean by a
‘small’ or a ‘large’ barchan? We have shown in previous papers that the only length-scale
of the problem is the saturation length `s, which controls for instance the size λm ∼ 12`s at
which dunes form but also the cut-off wavelength λc ∼ 6.3`s below which dunes disappear
[Andreotti et al., 2002b; Elbelrhiti et al., 2005; Claudin and Andreotti, 2006]. For the grain
size d ∼ 175 µm found in Morocco (see figure 9), the saturation length has been directly
measured (`s ∼ 1.7 m), which gives λm ∼ 20 m and λc ∼ 11 m. This is consistent with
the wavelength of the surface undulations which decorate the large barchans as well as the
length of the smallest barchans observed in the region [Elbelrhiti et al., 2005]. On Mars
however, λm is of the order of 600 m and so is the typical size of the smallest dunes there
[Claudin and Andreotti, 2006]. Therefore, although for the sake of readability we did not
make all our plots dimensionless, lengths should be implicitly thought in units of λm (or
`s). Finally note that the sand grains of the barchan field of La Joya have d ∼ 150 µm and
ρs ∼ 2300 kg/m3 [Hastenrath, 1967-1987] which give λm ∼ 15 m, a slightly smaller value
than in the field of the Atlantic Sahara.
In order to reveal the transverse structure of the dune field, we investigate rectangular
working domains A of area δx × δy, whose long side is along the wind (x direction) and of
the size of the whole zone of study (3 to 4 km, see figures 1 and 2), and whose short side
is a small fraction of the transverse dimension, typically ∼ 500 m, centered at some value
of coordinate y. In figure 4a,b is displayed the mean dune width,
〈W 〉 =
∫
W P2(W,A) dW = 1
NA
×
∑
i∈AW
3
i∑
i∈AW
2
i
, (1)
defined from the dune size probability density function (PDF) weighted by the surface of
the dune, P2(W ). The other possible weighting options for the definition of such PDFs are
discussed in Appendix B. Figure 4c,d shows the dune density (number of dunes per unit
surface – here in km2),
η =
NA
δxδy
, (2)
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Figure 4: (a) Mean dune width 〈W 〉 and (c) number η of dunes per km2 as a function of
the transverse position y in the three Moroccan zones. For comparison, the corresponding
data computed from the barchan field of La Joya are displayed in figure 6. In all these
graphs, N is for zone A,  is for zone B, and ◦, •, • for zone C. As evidenced by the
packing density profile, y = 0 is the transition point between the small (y < 0) and large
(y > 0) dune corridors. Panels (b) and (d) show respectively profiles of the mean width
and the dune density along the wind direction (x) for zone C. White symbols represent an
analysis restricted to the small-dune corridor (y < 0), black symbols are for the large-dune
one (y > 0) and there is no restriction on y for the grey symbols.
as a function of y. In all three Moroccan zones, one can clearly see that in the western part
of the field the dunes are smaller and more densely packed. The location of the passage
from one corridor to the other can be determined by looking at the shape of the curve
η(y). We can indeed set y = 0 at the toe of the large left peak. y < 0 is then the domain
of small dunes, and conversely y > 0 is that of large ones.
A more careful inspection of graphs (a) and (c) of figure 4 shows that, although the
three zones share qualitatively the same corridor pattern, there are quantitative differences
between them. The small dunes of zone B are for instance almost of the size of the large
ones in zone A. Another example is that the small dunes of zones A and C are of similar
size, but there is a 50% increase in the density from the former to the latter. Finally, a
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Figure 5: (a) Dune width probability density functions P2(W ) computed over the Laayoune
field – see schematic inset or the general view of zone C in figure 1d. The PDFs, computed
with a bin width δW ∼ 10 m, compares the statistics over the whole zone C (), to that
over the corridors of small (, y < 0) and large (♦, y > 0) barchans. (b) Probability
distribution function Plog of the dune width logarithm, weighted in number of barchans,
for the small (, y < 0) and large (♦, y > 0) dune corridors. In the western zone y < 0, the
distribution presents a single peak, well fitted by a log normal distribution (dotted line),
which corresponds to the size at which dunes appear (peak at W ∼ 25 m). By contrast, in
the eastern zone y > 0, the distribution presents a first peak corresponding to large dunes
but also a second one corresponding to the small dunes calved from the large ones. The
solid line is the best fit by the sum of two log-normal distributions. The two peaks are
located at W ∼ 42 m and W ∼ 145 m.
secondary peak in the η(y) profile of zone C is visible precisely at the position where the
corresponding curve 〈W 〉(y) drops down, showing how correlated these two quantities are.
Furthermore, we have investigated the homogeneity in size and density along the wind-
ward direction x. In the same spirit as for the y profiles, rectangular working domains are
chosen with a short size δx = 500 m, and a long side δy which can cover either the whole
field, or restricted to the sub-zones y < 0 (small-dune corridor) or y > 0 (large-dune corri-
dor). The corresponding profiles 〈W 〉(x) and η(x) are displayed in figure 4b,d. The data
corresponding to the small-dune corridor appear to be very homogeneous (flat profiles) in
dune size, but quite fluctuating in density. Looking at the field in figure 1d, one can indeed
identify a hole of dunes on the western side, followed by a renucleation of barchans further
downwind. Large dunes are more dispersed in size, although without any particular trend
as a function of x. However, their density is constant all along the corridor.
A richer quantity than the average dune width is the entire dune width distribution.
Figure 5a shows this distribution for the whole zone C, as well as for its small and large
dune corridors. The size distributions are respectively peaked at W ∼ 40 m (∼ 2λm)
and W ∼ 125 m (∼ 6λm) in the western and eastern corridors, with a typical standard
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Figure 6: Transverse profiles of the mean dune width (a) and dune density (b) in the two
zones of La Joya barchan field. ♦ is for zone E and  for zone F.
deviation to mean ratio of the order of unity. This means that the dominant type of dunes
is clearly distinct in the eastern and western corridors, in terms of surface occupied or sand
volume. Figure 5b, which shows the PDF of the dune width logarithm, allows to refine
this analysis. As it is weighted in number of dunes (see Appendix B), it emphasizes the
presence of small dunes in the large dunes corridor. In the western zone, the distribution
presents a single narrow peak at W ∼ 25 m (∼ λm). Conversely, in the eastern zone,
the distribution is wider and presents two distinct peaks corresponding to the dominant
species (around W ∼ 145 m, or ∼ 7λm) and to small dunes calved from the large ones
(around W ∼ 42 m, or ∼ 2λm). This clearly demonstrates that the size selection does not
result from scale free processes.
In the barchan field of la Pampa de La Joya, the dune width distribution presents a
single peak around W ∼ 50 m (∼ 3λm), also with a typical standard deviation of the same
order of magnitude. Dune width and density transverse profiles are plotted in figure 6a,b.
The comparison of zones E and F shows that the field becomes wider, less dense and more
homogeneous downwind. The dune density is ten times smaller than in the area of the
Moroccan field where dunes have a similar size. The ‘equivalent sand height’ introduced
by Lettau and Lettau [1969] provides a particularly striking illustration of this difference.
If one could spread all the volume Vi of sand contained in the dunes, it would form a
uniform layer of height He =
1
δxδy
∑
i∈A Vi. In La Joya field, one finds He ∼ 2 cm [Lettau
and Lettau, 1969] whereas He ∼ 50 cm in the Moroccan one.
From the previous figures, it then appears that the barchan size looks well selected,
suggesting that the dunes have reached a statistical equilibrium state controlled by some
parameter(s) which varies along the direction transverse to the wind. Before investigating
these control parameters, we need to discuss in detail the measurement and the distribution
of sand fluxes inside a dune field.
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Figure 7: Schematic illustration of the measurement method of both bulk and free fluxes.
This photo is from the barchan field of La Joya. The wind comes from the top (arrow).
Λ is the distance from the horn tip of a barchan to the nearest downwind dune. For the
purpose of figure 12, we note δy the lateral distance between the centers of a dune and its
next downwind neighbor.
3 Sand fluxes
A difficult, but crucial, quantity to measure in this context is the total sand flux Qt
transported by the dune field. Following Lettau and Lettau, [1969], two terms of Qt must
be discussed independently, namely the ‘bulk’ Qb, and the ‘free’ Qf fluxes. The former is
related to the sand transported by the dunes themselves, whereas the latter corresponds
to the grains moved in saltation by the wind in between the barchans.
3.1 Bulk flux
In the domain A of size δx and δy in directions x and y respectively, we define in accordance
with [Lettau and Lettau, 1969] the volumetric bulk flux as
Qb =
1
δxδy
∑
i∈A
ciVi, (3)
where ci is the velocity of the dune i, and Vi its volume. We show in the appendix A that
both volume and velocity can be computed as functions of the dune width W , so that
Qb can thus be computed directly from the analysis of aerial photographs. It should be
emphasized that the dune propagation speed is proportional to the saturated flux over a
flat bed Q, so that all wind dependance is encoded into this factor
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3.2 Free flux
The evaluation of the free flux Qf is much less straight forward and requires more as-
sumptions. In Lettau and Lettau’s paper, Qf (called ‘streamer’ flux in [Lettau and Lettau,
1969]) is computed in the following manner. They define the coefficient r to be such that
Qb = rQt. It represents the fraction of intercepted streamers and has been estimated be-
tween 0.4 and 0.6 by these authors, taking the ratio of the total width
∑
i∈AWi (integrated
over a transverse strip A of windward extent 600 m) to the width of the overall lateral
width of the barchan field. A better estimation may be obtained with r ∼ 〈W 〉2/η. The
values 〈W 〉 ∼ 50 m and η ∼ 30 dunes per km2 that can be read in figure 6 lead to r of the
order of 0.1. With Qt = Qb +Qf , it finally gives Qf = (1− r)Qt = 1−rr Qb.
This proportionality relationship between the fluxes is a strong assumption which is far
from being obvious. We would like to relax it and find a way to measure Qf independently
of Qb. We remark that, as the recirculation bubbles in the lee side of barchans act as
perfect sand traps, all grains in saltation between the dunes must have originally escaped a
barchan from one of its horns. From numerical simulations [Hersen et al., 2004], it can be
inferred that the flux on the horns is proportional to the saturated sand flux on a flat bed
Q, with a pre-factor close to unity. This is consistent with the measurement of the wind
velocity in the horns which is found to be close to that far from the dune. In other words,
the flux is saturated and the horns are flat. Assuming that all the escaping flux reaches
the next downwind dune, Qf can be expressed by the means of matter conservation as:
Qf =
Q
δxδy
∑
i∈A
(
∆liΛ
l
i + ∆
r
iΛ
r
i
)
, (4)
where Λl,ri is the distance from the dune i to its nearest neighbor downwind starting from
the tip of its left/right horn, and ∆l,ri the width of that horn. The method of measurement
of both Qb and Qf is illustrated in figure 7.
It is important to discuss at this stage the several sources of errors or uncertainties in
this measure of Qf . The first one is the precision at which we were able to locate the dune
reference points on the aerial photographs (see figure 3). As a matter of fact, some of the
photos we analyzed are very sharp with nice lightings and shadows accuentuating the edge
points of the slip face. Other views are less contrasted and these positions are less well
defined. As a result, the typical error in the direct determination of the ∆’s is of the order
of 10%. A second source of uncertainty is the fact that the value of the sand flux at the
barchan horns has not been measured directly, but comes from the result of a model as
well as qualitative observations. This would probably count for another 10 to 20%. A third
point to emphasize is that, as aerial photos of barchan field only give a snapshot of the
state of the dunes, such an analysis gives an ‘instantaneous’ value for Qf , corresponding to
the date at which the view was taken. This remark makes particular sense when comparing
the zones E and F of the la Joya field (see figure 10) which we shall come back to later.
The computation of Qb therefore contrasts with that of the bulk flux which is based on
time and ensemble averaged laws for the dune volume and velocity as a function of the
dune width (see apendix). A final source of error, which is difficult to evaluate, is related
11
to the possibility of the erosion of the lime-sandstone ground on which the barchans live.
In fact, a local erosion rate of the order of a fraction of a mm per year would not affect
our estimation of Qf as the correspoding additional sand flux reaching the back of a dune
would be this rate multiplied by the typical distance between two neighboring dunes, i.e.
tens to hundreds of meters and is therefore negligible in comparison to the measured value
of Q ∼ 100 m2/year (see Appendix A).
Another important point concerns the upwind boundary conditions in the Qf calcula-
tion. For each dune of a selected domain in a given photo, its next downwind neighbors are
located. However, the most upwind dunes are also bombarded by sand grains, but coming
from dunes out of the domain. We then run this neighbor searching routine not only on
the selected domain, but all over the photograph. In the case of La Joya, the dune density
is so low that some of the dunes providing sand at the upwind boundary are not actually
visible on the photograph. As these dunes actually exist and are of the same size as those
visualized, we have added at the upwind edge of the photograph ‘false’ barchans as sand
flux sources, duplicated from real ones. In the worse case (close to La Joya station), this
procedure affects the result in the upper third of zone F. However, as the field is observed
to be homogeneous, this should not be the dominant source of error.
3.3 Total flux
In figure 8a,b,c are displayed the bulk, free and total fluxes as a function of the transverse
coordinate y for the Moroccan dunes. Interestingly, both Qb and Qf are of the same order
of magnitude, but not uniform across the field. More precisely, far from being proportional
to each other, a decrease of Qb in a dune ‘hole’ is correlated with an increase of Qf –
see e.g. panel (a) around y = 0. In total, the Qt data display rather flat profiles versus
y. Furthermore, the total flux value is pretty much the same in the three zones of study,
indicating that Qt is quite uniform in the windward direction over long distances. Finally,
this value is only a fraction (roughly one half) of the saturated flux Q. This means that
this amount of sand could well be transported in saltation over the solid ground. This
as a striking consequence. Consider a flat zone where a given sand flux is transported in
saltation. If the flux is smaller than its saturated value, the system remains in this state.
If, under the same conditions, some dunes acting as finite amplitude perturbations are
introduced, they may survive, leading to a dune field transporting, in the bulk of dunes
and in inter-dune free flux, the same overall amount of sand. We shall illustrate this
transition from one state to the other in the last section.
3.4 Sand flux balance at the scale of the field
In the introduction, we have raised the question of the parameters controlling the size of
dunes in a given area. A distinct but related issue is the global sand balance at the scale of
the dune field. Does all the sand of the field come from a unique source at the upwind edge
(a beach in Morocco and a less well defined mountainous place in the case of La Joya)?
Is there a sand leak at the lateral boundaries? Is there significant erosion of the ground
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Figure 8: Transverse profiles of the bulk (Qb, black symbols), free (Qf , white symbols) and
total (Qt = Qb +Qf , grey symbols) fluxes for the three Moroccan zones A, B and C in (a),
(b) and (c) respectively. Same in panel (d) with La Joya barchan field: zones E (left) and
F (right). All these fluxes are in units of Q, the saturated sand flux over a flat bed.
providing an additional source of sand for the dunes? Why does the Moroccan field remain
collimated over such a long distance?
Within zone F, Lettau and Lettau [1969] came to the conclusion that there must be a
slight downwind increase of sand transport, this increase being interpreted as the signature
of a local erosion of the ground (0.2 mm/year). In view of our results for zones E and F
(figure 8d), the validity of this result can be seriously questioned. Indeed, the dune density
is so small that the total flux is dominated by the free flux, badly estimated in [Lettau and
Lettau, 1969] and quite imprecise here also.
Of course, the hypothesis of a local erosion rate as large as one grain diameter per year
cannot be rejected but can neither be proved on this basis. If this was the case, integrated
over a tens of kilometers, the additional flux would be larger than the entrance flux. To
explain the downstream homogeneity (in particular in Morocco), the extra sand source
due to erosion would need to be compensated by a lateral sand leak. We can imagine two
different processes for this transverse flux. First, the grains in saltation experience random
rebounds on the soil, leading to some lateral diffusion. A random-walk-like analysis predicts
that, for a windward propagation Lx, a typical transverse displacement Lx ∼
√
DLx is
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expected, whereD is the typical lateral displacement of a salton after one hop. A reasonable
estimate is D ∼ 0.1 m, which means that Ly is only about several tens of meters for
Lx = 10 km. In other words, such a diffusion-like process cannot be responsible for a
broadening of the corridor strip. Second, when the wind direction changes significantly
(either due to the gentle daily variation or during a storm), the sand escaping dunes
can be transported outside the dune field. In that case, Ly would scale linearly with Lx
itself rather than with its square root. The corresponding transverse flux would thus be
a fraction of Q. Of course, during such events, there is also a sand supply on the other
side. Moreover, during our field trips in Morocco, we never observed sand trapped behind
bushes and stones (nebkhas) outside the dune field.
In conclusion, there is no direct proof that the sand flux escaping from the sea, in
Morocco (from the mountain in La Joya) remains collimated and gives the essential contri-
bution to the amount of sand in the field. However, an indirect indication of this hypothesis
comes from the total length (300 km) of the Moroccan barchan field. It takes ∼ 10000 years
for a middle sized dune to propagate from the see over such a distance. Similarly, one of
the mega-barchans, which moves at 2 m/year, is now at ∼ 10 km from the shoreline, giving
a starting time of ∼ 5000 years before present. These dates are reasonably consistent with
the interglacial period corresponding to the formation of this desert, indicating that the
major source of sand is indeed the ocean close Tarfaya.
4 Investigation of possible parameters controlling the
corridor structure
We have demonstrated that there is a regulation of the size of dunes inside corridors. As a
general statement, there should exist at least one external control parameter varying from
a corridor of large dunes to a corridor of small ones. There are in fact very few possible
candidates, namely (i) the sand flux, (ii) the soil and the granulometry and (iii) the wind
velocity across the dune field.
4.1 Overall sand flux
Based on the idea that the sand flux escaping from the ocean in Tarfaya beach is conserved
all along the dune field, an appealing idea is to imagine that this initial sand source
is non-uniform and that, in order to transport a different quantity of sand, the system
spontaneously selects a mode with an adaptated dune size. For instance, one could imagine
that a field of small dunes would transport more sand than a field of large ones (or vice-
versa).
The transverse profiles of the total sand fluxes Qt computed for the three Moroccan
zones have been gathered in figure 9a (see also figure 8). As already mentionned, their
values are very consistent from one zone to the other and show no particular trend as a
function of y. More precisely, one cannot indentify any clear variation of Qt around the
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Figure 9: (a) Total sand flux transverse profiles Qt(y) in zones A (N), B () and C (•). (b)
Grain size distribution. The different data sets come from sand samples taken at mid slip
face of dunes, in various places: Chbika beach (♦, 28◦18′N, 11◦32′W), zone A (N), Mega
barchan (∗) and zone C (•). The distribution is log-normal (note the log scales on the
axis) with a peak around 175 µm. These grains are made of quartz and lime. A secondary
peak at 100 µm is clearly visible and corresponds to grains of magnetite. (c) Photograph
of few grains of magnetite (black), lime from a shell (orange) and quartz (white). (d)
Wind velocity across zone A. These wind data have been rescaled by a reference velocity
measured at a fixed point. Recall y = 0 is the transition point between the small (y < 0)
and large (y > 0) dune corridors
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position y = 0 where one changes from a dune corridor to the other. We can then conclude
that barchan corridors cannot be explained by transverse variations of the total sand flux.
This result can be justified a posteriori by the following hand waving argument. If we
assume that the spacing between dunes scales on the dune size (η ∝ 1/W 2) and that the
horn size ∆ is a fraction of W , with a velocity c proportional to 1/W and a volume scaling
as W 3, one gets a flux independent of the dune size. In these conditions, it would have
been surprising to be able to associate a different flux to large and small dune corridors.
In the zone E of La Joya the same total flux Qt ∼ 0.5Q as in Morocco is observed,
with a very different packing density. This reinforces the idea that, although a sand flux
is definitively needed to produce barchans, it neither controls their size nor their density.
Finally, the comparisons between the two zones of La Joya reveals an interesting feature
as the total flux drops by a factor of two from E to F. As will be discussed below, this
difference should be related to the different dates at which the photographs where taken.
In zone E, a storm has strongly affected the shape of the dunes, leading to an increase of
the horn width and thus of the free flux.
4.2 Soil and granulometry
Another idea is to test whether the size distribution of the sand grains has a significant
influence on the corridor pattern. As a matter of fact, the analysis of a wide collection of
field data by Wilson [1972], as well as the work of Lancaster [1982] in Namibia suggest
that the grain size d is correlated with the size of the dunes. At a more fundamental level,
we have shown how the initial wavelength of sand bed destabilization is related to the drag
length `d =
ρs
ρf
d [Andreotti et al., 2002b; Andreotti, 2004; Elbelrhiti et al., 2005; Claudin
and Andreotti, 2006]. In particular, this scaling was used to produce centimetric barchans
at the scale of laboratory experiments [Hersen et al., 2002; Endo et al., 2004; Hersen, 2005]
and to understand the size of the dunes on Mars [Claudin and Andreotti, 2006].
Sand was sampled in different places of the Moroccan dune field. The samples are from
the sand right in the middle of the dune avalanche slip face. The corresponding PDFs
(weighted in mass) are plotted in figure 9b. They are well fitted by a log-normal law
P (d) ∝ exp
[
−
(
1
σ
ln d〈d〉
)2]
. The fits give values for 〈d〉 between 165 and 185 µm with no
particular trend. The values of the dimensionless width σ of the distribution is of the order
of 0.25. This means that, in comparison to its value at the peak, the probability drops
down by a factor of 2 for a grain size either smaller or larger by a factor of e0.25 ln
√
2 with
respect to 〈d〉.
Therefore, apart from some coarse grains systematically visible at the toes of dunes
in the form on mega-ripples patterns, the grain size distribution in the studied region
is remarkably uniform with a typical size around 175 µm. We can then conclude that,
although some correlation of W with d is expected, grain size distribution is not the
parameter responsible for the corridor pattern of this barchan field, and the size selection
must have another cause.
As for the topography, the map of the region indicates that the plateau presents a slight
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slope in the cross wind direction which is estimated at most between 10 and 20 m for 5 km
(0.3%). However, it is unlikely to correlate such a regular slope with a sharp transition
from small to large barchans. Finally, as we could observe in the field, the vegetation as
well as the nature of the soil is very uniform everywhere.
4.3 Wind velocity across the dune field
Another important factor is of course the wind intensity. In particular, the only consistent
theory for the saturation length `s [Andreotti, 2004] (and thus the wavelength λm) predicts a
sub-dominant variation with the wind velocity. On can wonder whether this could however
influence the size selection of mature dunes.
We have measured the wind velocity along a road crossing the dune field in its northern
part– near Tarfaya, zone A. These measures were performed with a standard cup anemome-
ter fixed at the top of a 3 m high mast. We checked for each point that no neighboring
dunes could influence the measurements. In order to remove the possible slow drift of the
wind speed, a second fixed anemometer was used as a reference at the top of a dune –
as a general feature, the wind gently varies up in the morning to mid-day and then down
in the afternoon. The measures are displayed in figure 9c and show an almost perfectly
flat profile versus y. In particular, no sharp variation is visible around the location y = 0
where the change from small to large dunes is observed. Moreover, no significant relief
which could locally modify the trade wind flow is present.
We have seen that the size and spacing in the barchan field of La Pampa de la Joya
is very different from that of Morocco. One could imagine that this is to be related to
the smaller value of Q in Peru. However, the RDP or DP intensity factors mostly reflect
the fraction of time during which there is transport i.e. during which the wind strength
is above the transport threshold. Comparing the typical wind velocities in the two fields
when sand transport is effective, we actually get very similar values. We thus conclude that
the observed differences between the two fields do not result from different wind strengths.
Once again, the origin of the corridor pattern is thus to be found from another parameter.
5 Dynamical mechanisms regulating the dune size
We have described above the dune size distribution and the corridor structure in barchan
fields. We have shown that the natural external parameters such as the wind velocity or
the sand flux cannot explain such a pattern. We thus turn to the investigation of dynamical
mechanisms regulating the dune size. We started to address these questions in previous
papers – see [Hersen et al., 2004; Elbelrhiti et al., 2005] – and report here detailed field
data to discuss the two main mechanisms. First, the volume of a dune evolves by sand
supply on its stoss side and sand leak by its horns. Second, exchanges of mass occur due
to interactions between dunes (collision and calving). These processes at hand, it is then
interesting to trace their imprint in the dune landscape.
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Figure 10: (a) and (b) Total horn width ∆ = ∆l + ∆r as a function of the dune width. In
panel (a) the data come from zone B (). ∆ is roughly proportional to W . Panel (b) is
for La Joya, zones E (•) and F (◦). The photo of zone E is dated May 2003 and shows
barchans with thick horns (panel (d)). Their blunt morphology with a small reversed slip
face at the brink is the typical result of a strong storm blowing at an inclined direction
with respect to the average wind. The photo of zone F is dated Feb. 2005 and the barchan
shape (panel (c)) is that generated by the average wind. The two data sets can clearly be
distinguished (solid and dotted lines in (b)).
5.1 Flux balance on a single dune
The amount of sand that a dune of width W receives per unit time when submitted to
a flux q is easy to compute: a simple cross section argument leads to φin = qW . The
estimation of φout requires more caution. As barchans loose sand by their horns, we can
write φout ∼ Q∆, where ∆ is the total horn width of the considered dune, as previously
discussed above for the free flux, see equation (4). We therefore extracted from our data
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∆ as a function of W . The point is that, if barchans are in an equilibrium state with a
well defined width for a given input flux, we expect large dunes to loose proportionally
more sand than small ones. In a previous numerical study [Hersen et al., 2004], we have
exhibited the unstable nature of isolated dunes submitted to a strictly unidirectional wind,
and which lead to ever growing or shrinking barchans.
Data from zone B are plotted in figure 10a. They are quite scattered, but to first
order, they satisfy ∆ ∝ W so that the balance equation φin = φout which would hold for a
steady dune cannot select a unique width. Note that in our numerical work [Hersen et al.,
2004], the curve ∆ (or φout) against W was obtained with dunes artificially maintained in
equilibrium by means of semi-periodic boundary conditions. By contrast, the data shown in
figure 10 corresponds to the same measurement performed on individually unstable dunes
inside a statistically steady field.
The data from La Joya field shed an interesting light on this problem. The photos of
zones E and F dates respectively back to May 2003 and Feb. 2005. They show barchans of
distinctly different morphologies. In the later case, the dunes have their standard crescentic
shape with slender horn tips (figure 10c), whereas in the former one the barchan present
a blunt outline with thick flanks (figure 10d). The dunes of zone E furthermore display
a small reversed slipface at their brink. Having directly observed this phenomenon many
times in the field, we can ascribe it to a storm blowing from an anusual direction. Moreover,
the collisions can be forgotten in La Pampa de la Joya as the barchans density is very low.
The two data sets for ∆ vs W in zones E and F can clearly be distinguished in the plot of
figure (figure 10b): ∆ for the smaller dunes does not differ much from a set to the other,
whereas larger dunes can typically double their horn width after the storm. As mentioned
in [Elbelrhiti et al., 2005], this size dependence in the sand loss can be interpreted with
the induction of surface waves on the horns and flanks of dunes whose size is larger than
several times λm. The response of dunes to the variations in wind direction (in particular
storms) leading to an extra-leak of large dunes in the end controls the regulation of the
size of these quasi-isolated barchans of La Joya.
5.2 Mass exchange through collision
In Morocco, the situation is different: the dune density can be high and collisions are very
frequent. As illustrated in [Elbelrhiti et al., 2005], only the largest dunes can be identified
after a time period of 30 years and collisions play a major role in the sand transfers between
the dunes. We have followed in detail the time evolution of two interacting dunes in zone
A. The different contours are displayed in figure 11a. One can see that the dynamics is
complex, involving a partial fusion together with a few ejections. By the use of the volume
calibration law (5), we can quantitatively estimate the mass balance before and after the
collision. In panel (a i), the upwind smaller dune contains 600 m3 of sand, whereas the
volume of the larger one is 800 m3. In panel (a vi), the resulting dune has grown up to
1400 m3. At least 150 m3 have been lost in the form of four barchans calved at elementary
size – typically W ∼ λm/2 ∼ 10 m, see e.g. panels (a iv) and (a v). There has thus been
an additional supply during this period, as proved by the comparison between (a i) and (a
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Figure 11: Dynamical evolution of dunes of various sizes. (a) Detailed contours of two
interacting small barchans in zone A. Dates are 27th Jul. 2003, 23rd Aug. 2003, 16th
Jan. 2004, 18th Apr. 2004, 2nd Aug. 2004 and 4th Jun. 2005 for panels (a i) to (a vi)
respectively. The photo of panel (a vii) dated May 2005. (b) The collision of the two
dunes at the top resulted into a partial fusion. The time interval between the two photos
is 47 years. They are from La Joya, zone F. (c) The central area of photo (c i) has been
subjected to significant rearrangements. In particular, the large barchan has significantly
lost weight. The time interval between the two photos is 4 years. They are from Atlantic
Sahara, zone D. Arrows indicate wind direction.
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Figure 12: Histograms of the rescaled transverse distances δy/W between a dune and its
next downwind neighbor (see figure 7 for the definition of δy). As schematized in inset,
the solid (dotted) line is for the case of a larger (smaller) upwind dune. These data come
from the Moroccan fields. Although more scattered due to less statistics, data from La
Joya field show similar curve shapes.
iii).
We have identified few potentially similar events in the Peruvian field such as that
shown in figure 11b – in this case intermediate photos are unfortunately not available.
Such an interaction is typical for rather small dunes (few times λm in size) and is also
well reproduced in subaqueous experiments [Endo et al., 2004; Hersen, 2005; Hersen and
Douady, 2005]. Examples of collisions involving large dunes are discussed in [Elbelrhiti et
al., 2005]. They typically result in an intense calving in the wake of the barchan horns,
leading to a significant size reduction of the target dune. In figure 11c is displayed an
important rearrangement in zone D in a four years interval. The central large dune get
destabilized and ejects several smaller ones. Some fusions also occurred upwind. In the
end, these events effectively result in a higher sand leak for the larger barchans, preventing
them from growing indefinitely which is what we would expect with pure fusions.
In order to investigate the importance of this barchan ejection process at the horns
of large dunes, we studied how correlated the position of a dune with its next downwind
neighbor is. As a matter of fact, all the calved dunes that we have been following in the
field for more than five years (more than one hundred) have remained aligned with the horn
of their mother dune. Conversely, the alignment of a small dune with the horn of a large
one could be systematically associated with a former surface wave. More precisely, we have
computed the histogram of the lateral distance δy between the centers of such two dunes
(see figure 7). In order to compare dunes of different sizes, this distance is rescaled by the
width of the upwind barchan. As small dunes get ejected from large ones and not vice-versa,
it makes sense to differentiate the case where the upwind dune is larger or smaller than its
downwind neighbor. In figure 12 we plot the two corresponding histograms. The former
case shows a double peaked curve confined between ±1 in rescaled units, whereas the latter
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is broader with a flat profile. This double peak is the signature of the frequently observed
‘duck fly’ packing arrangement where backs and horns of neighboring dunes almost touch
each other. It demonstrates the ubiquity of the calving process, and thus the regulation of
masses by dunes interactions.
5.3 A dune landscape reading
Having now analyzed the two principal dynamical processes at work in a barchan field, it
is interesting to turn back to a reading of the dune landscape, looking for traces of what
we have discussed above. A first place to examine is a small field located on a plateau
between two depressions (zone D on the map displayed in figure 1a). The topography is
such that a point-like source of sand at the top of the cliff generates a single channel of
barchans, see figure 13. As can be seen on the photos, this peculiar field starts in fact with
a kind of elongated tongue of sand from which small dunes are calved. After detachment,
the barchans propagate downwind while growing in size, and eventually disappear over the
downwind cliff. More quantitatively, the dune width W is plotted against the downwind
position x in panel (d) of figure 13. Although scattered, there is almost a factor of 2 between
size of the dunes at the beginning of the channel and those at the end. This coarsening is
a persistent phenomenon as it is here observed in a coherent way over a period of 30 years,
which is long enough to renew most of the dunes in this small field. Following the above
analysis, this is the signature of numerous collisions processes generating partial fusions.
Other illustrative configurations can be found with a crosswise scan in the large field
of zone C. This is the purpose of figure 14 where three places of interest have been ex-
panded. Panel (b) shows a ‘hole’ in the field, in the sense that this place is locally empty
of dunes. The dunes however reappear further downwind in a dense packing of elementary
barchans. Although the precise reason of this local disappearance of dunes is unknown,
this phenomenon is not that surprising reminding that the total flux is only of the order
of half of Q (figure 8). In panel (d), we recognize calving processes and corresponding
typical spatial packing arrangements as well as numerous sub-structures on the flanks of
the large barchans which are the sign of strong interactions between the dunes. In other
places (panel (c)), the dunes show typical surface undulations that we can associate to
strong oblique winds. As a matter of fact, the analysis of the meteorological data of the
period preceeding the date at which the photograph of figure 8 has been taken shows that
two storms had recently occured. The temporal recordings of the reference flux (modulus
and direction) and the air humidity, displayed in figure 15a-c, allow to date these events
around the 14th Dec. 2004 and the 2nd Jan. 2005. Such storms usually correspond to a
situation where the Azores anticyclone generating the trade winds (figure 15d) moves to
Europe, which allows for the appearance of a cyclone further south (figure 15e-g). As a
result, strong and dry winds, called Chergui, blow from inland over the Atlantic Sahara.
These storms mostly occur during winter time, at a typical frequency of ten events per
year. They induce an important transverse transport – Q is typically ten times larger than
its averaged value – during few days. This is sufficient to induce lasting disturbances on
the shape of the dunes, without, however, moving significantly their centre of mass.
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Figure 13: Tizfourine ‘mono-corridor’ (zone D). Photos dated 1975 (a), 1979 (b) and May
2005 (c). (d) Dune width plotted against its downwind distance from the northern cliff.
♦, 4 and  symbols are for the photos in (a), (b) and (c) respectively. The data plotted
with • come from our GPS contours dated Aug. 2004.
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Figure 14: Eastern (top) and western (below) parts of a cross wind stripe of the barchan
field in zone C from which three places have been rxpanded – note the overlap of the
two photos indicated by the dash line. Zoom (b): a hole in the small-dune corridor and
renucleation of the barchans further downwind. Zoom (c): surface instability in the form
of undulations on the back and flanks of the dunes, induced by the storms displayed in
figure 15. Zoom (d): calving processes leading to ‘duck fly’ spatial organization. Note also
the breaking of the largest barchan’s left horn. This photograph dates back to the 5th Jan.
2005.
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Figure 15: (a-c) Meteorological data measured in Tan-Tan between the 1st Dec. 2004 and
the 10th Jan. 2005. During this period, the dunes have been submitted to two storms,
characterised by a strong dry wind coming from inland. The aerial picture of figure 14
has been taken on the 5th Jan. 2005. (a) Wind direction. (b) Reference saturated flux
Q on solid ground. (c) Humidity. (d-f) Wind streamlines reconstructed from QuickSCAT
measurements and the weather stations of the region. The wind speed is inversely propor-
tional to the distance between the streamlines. (d) Wind measured during a typical trade
wind period. The Azores anticyclone is located North-West of the map. (e) Wind on the
14th Dec. 2004. The Azores anticyclone has moved over Europe, allowing the appearance
of a cyclone inducing a dust jet over the ocean. (f) Wind on the 2nd Jan. 2005. (g) Dust
storm over Canarias Islands (credits: Nasa, http://visibleearth.nasa.gov/).
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In summary, the whole field, although well organised in corridors, should not be thought
of in a static – or rather purely kinematic – manner with an external driving, but as the
place of numerous dynamical events, where small dunes undergo partial fusions and large
ones calving processes in response to collisions due to faster small barchans running into
them. In the ‘diluted field’ case of La Joya where collisions are too rare to be a dominant
process of size regulation, storms must suffice to prevent to the growth of the dunes by a
temporary increase of their horn width and thus of the sand loss.
6 Conclusion
6.1 Summary of the results
The main points of this paper can be summarized as followed:
• Two sites have been studied: the barchan field between Tarfaya and Laayoune (Atlantic
Sahara) and that of La Joya (Peru). From a comparison of dune positions over time we
obtained a relationship between their propagation velocity c and their width W . Similarly,
the use of ground photos led to get the dune volume V as a function of W . Both of these
empirical laws c(W ) and V (W ) are well defined over the whole range of dune size – from
W ∼ 20 to W ∼ 600 m.
• We performed a quantitative analysis of aerial photographs, looking in particular to the
probability distribution function of the dune size, the average dune width 〈W 〉 and the
dune packing density η. A clear corridor pattern is revealed with a sharp variation in the
transverse (y) direction of 〈W 〉 and η, the smaller barchans being more densely packed.
By contrast, these quantities are homogeneous in the windward (x) direction.
• Investigating the possible external parameter controlling the dune size in these fields, we
measured the grain size distribution in different places of the field as well as the wind profile
across the corridors. We also examined the sand flux profiles. Following Lettau and Lettau
[1969] we split it into the ‘bulk’ flux corresponding to the amount of sand transported by
the dunes themselves and the ‘free’ flux for the sand transported in saltation between the
dunes. We showed that none of these profiles presents a significant and systematic variation
at the location of corridor change. Furthermore, as the quantitative value of the total sand
flux is less (typically one half) than the saturated flux, it indicates the possibility to get
under the same conditions a lasting sand transport with dunes or without i.e. in saltation
over the solid ground only.
• We show that the dune size is controlled by two dynamical processes. First, changes in
wind direction, and storms in particular, induce a broadening of large-dune horns. Second,
the collisions between dunes strongly depend on their sizes. While small colliding dunes
(whose rescaled width W/λm is of the order of unity) exhibit a partial fusion, large ones
(in terms of W/λm) get destabilized and generate a wake of small barchans of elementary
size.
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6.2 Discussion
Although the origin of the corridor structure is finally left unexplained, some key dynamical
mechanisms have been identified that provide a new way to read and interpret the dune
landscape. Moreover, our conclusions from field observations allow to reject the most
obvious hypotheses concerning the selection of barchan size. The first idea would be that
the dunes are individually stable so that they would essentially keep the size at which they
were formed. A refined option is to consider that isolated dunes are unstable with respect
to sand exchanges but that dune fields are made collectively stable by collisions, assuming
that the collision of a small dune with a large one always leads to two medium sized dunes.
Then, it can be inferred that after few collisions, all the dunes would have almost the same
volume. Again, the average size would be determined by the entrance conditions i.e. by
the distribution P (w) at their place of birth. However, in the Atlantic Sahara, the dunes
form roughly with the same size, whether that is on the beach or after a sebkha, but evolve
towards very distinct states in the different corridors. Moreover, we have tracked several
collisions after which the impacted barchan becomes larger. This evidences that the size
selection in barchan fields does not result from collisions only and does not proceed from
a memory of the conditions of formation.
Our results show that the mechanisms responsible for the size regulation are not scale
invariant. For instance, the collision between a small and a medium dune does not resemble
that of a medium and a large dune, since the length scale at which dunes form always
remains prevalent in the process. We have also shown that the distributions of size are not
similar in small (single peaked) and large dune (double peaked) corridors. In the later, the
second peak corresponds to the dunes calved from the horns of the large ones.
Lastly, we have shown that the intermittency of the wind regime could play an impor-
tant role in the selection. We have provided direct evidences that a storm i.e. a strong
oblique wind, can increase significantly the dune output flux. In La Joya, the barchan field
is so sparse that collisions hardly occur: the size control can be ascribed to the wind regime,
only. In the Atlantic Sahara, the stormy winds mostly come from inland. This could result
into a sand flux transverse to barchan corridors, breaking the symmetry between the edge
and the bulk of the field, between its eastern and western parts.
These conclusions point out several directions for future theoretical and field inves-
tigations. The models should be tested against the new data and possibly improved to
correctly reproduce the dynamical response of barchans to perturbations such as storms
and collisions. A key issue is to incorporate the wind regime into object oriented simula-
tions, to see whether or not the corridor structure spontaneously emerge. Concerning the
field work, a challenging issue is the direct and precise measure of the sand flux coming
out of a barchan of given width. In relation to this question, a finer measurement of the
horn width ∆(W ) should be performed – from aerial photos or in the field – e.g. in dune
configurations restricted to particular situations such as collisions.
This paper has benefited from a careful reading and useful comments of A.B. Murray
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research center for hospitality. This study was supported by an ‘ACI Jeunes Chercheurs’
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A Field measurement techniques
A.1 DIY geographic information system
Most of the measurements presented here are based on pictures and dune contours, mea-
sured with hand-carrying Garamin GPS receivers. The GPS resolution, checked at refer-
ence points, is of the order of 4 m. Depending on the size of the dune, the GPS points
are spaced by 5 m to 20 m. The aerial photographs are taken with a Leica Geosystems
camera on 240 mm ×240 mm films, with a lens of focal length 88 mm or 152 mm. They
are digitalized at 60 pix/mm, which, depending on the altitude of the plane, gives finally
a resolution between 20 cm/pixel for a field of 2.7 km and 70 cm/pix for a field of 10 km.
The ground photographs are taken with a Leica digital camera (2048 x 1536 pixels). The
lens focal length and the size of the sensitive elements are calibrated in the lab.
Using a home made geographic information system, the GPS positions of the contours
are superimposed on aerial or ground taken photographs. The principle of the projec-
tion used is shown in figure 16. The geodetic coordinates are converted into cartesian
coordinates, using the WGS84 reference ellipsoid [see note]. The linear projection on the
photograph is performed by introducing homogenous coordinates. The global position of
the camera (latitude, longitude, altitude and the three Euler angles) is determined from the
GPS positions of various landmarks (road, relief, cliff, track) visible on the photographs.
This procedure ensures a global positioning of any visible point within a resolution of less
than 4 m. The relative resolution obtained for aerial pictures is typically metric but can
be as small as centimetre for ground pictures of dunes.
The morphological characteristics of a dune (length L, width W , horn widths) are
determined from either an aerial view or a GPS contour, by defining the six characteristic
points shown in figure 3. When the brink of the dune coincides with the crest, the height
H is determined from the measurement of the slip face length and of the avalanche slope.
It can otherwise be measured using ground photographs (see figure 17). To determine
the dune volume, we have developed a specific tool, which uses either three photographs
(aerial, face and side photographs) or two photographs (face and side views) and the dune
GPS contour. More precisely, we approximate the envelope of the dune using its contour
and a point – in general close to the brink – such that the profile along any cut of the dune
passing through this point is a parabola. To reconstruct the avalanche slip-face, we use
the property that the steepest direction of the slip face is perpendicular to the contour of
the dune and that the slope is everywhere equal to the sand dynamic friction coefficient
(tan 32◦). Five parameters have to be tuned, looking simultaneously at the three views:
the three dimensional position of the origin point and the slope of the surface at this point.
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Figure 16: Schematic showing (a) the convention for geodetic coordinates and (b) the
projection of a point on a photograph.
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Figure 17: Face (a), profile (b) and horizontal contour (c) of a dune – ‘la grande blonde’.
Its 3D geometrical reconstruction from which the dune volume can be computed is shown
with the solid (or dashed when hidden) lines. In panel (c) these lines have been shifted
downwind for comparison with the top view. In photos (a) and (b) a person at the top of
the dune gives an idea of the vertical scale (H ∼ 8 m).
The figure 17 shows the quality of the reconstruction that can be achieved. Then, the
volume V of the dune can be easily deduced from this geometrical reconstruction.
A.2 Morphology
In agreement with other field data, reviewed for instance in [Andreotti et al., 2002a], the
barchan dimensions (height H, length L and width W ) in the Moroccan field are linearly
related to each other. An example of H vs W is displayed in figure 18c: dunes have a
typical aspect ratio of 1/15. Note that the linearity breaks down for small dunes as H → 0
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Figure 18: (a) Dune volume as a function of its width. The solid line is the best power
law fit V ∼ 1
40
W 3. Note the four white circles around W = 30 m which are the average
measures of Lettau and Lettau [1969] in La Joya barchan field. (b) When plotted against
the dune length L, the data dispersion is larger. (c) Relationship between dune height
and width. The solid line corresponds to an approximation of the data by the formula
H = 1
15
√
W 2 −W 2c , with Wc ∼ 10 m.
at a cut-off length Wc ∼ 10 m, whose value is consistent with that of λc discussed below
in sub-section 2.2. Note also the point at H ∼ 40 m which corresponds to a mega barchan
(28◦02′N, 12◦09′W), and which is clearly scale separated from the other data points but
still on the line.
As shown in figure 18a, there is a satisfactory univocal relationship between V and W
given by:
V ∼ 1
40
W 3 (5)
over two decades in width. Plotted against L (figure 18b), the volume scales as V ∼ 1
20
L3,
but the data points are more dispersed. A slightly better collapse of the volume data (not
shown) has been empirically obtained with V ∼ 1
38
L1/2W 5/2 but we checked that none of
the conclusions reached here is affected by the choice of the formula for V (W,L,H). This
dispersion as well as that of the H vs W plot is due to the fact that L and H are quantities
sensitive to wind and sand flux changes. Indeed, we know from numerical simulations that
the dune width is only evolving due to the small transverse flux, while the height and
length can evolve more rapidly. As a result, instantaneous and fluctuating values of H or
L are less representative of their average value than W whose evolution time scale related
to transverse grain motion is slower. As the dune width is an easy and robust quantity
to measure of aerial photographs, such calibration curves let to compute all other barchan
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Figure 19: (a) Propagation speed, rescaled by Q, as a function of W . The solid line is the
fit of c = bQ
W+W0
, with b ∼ 45 and which gives W0 = 16.6 m. This (modified) Bagnold’s
law is valid up to the mega barchan points (W ∼ 600 m). (b) Raw velocity data vs W
measured at different places and for different time intervals: Tarfaya (zone A) Nov. 1979
– Sep. 2004 N, Tarfaya (zone A) Mar. 31st 2003 – Sep. 10th 2004 4, Tah (zone B)
Nov. 1975 – Sep. 2004 , Laayoune (zone C) Aug. 1976 – Sep. 2004 ◦. (c) Sand flux
roses computed with wind velocity time series from various places of the region of study:
Tarfaya (27◦55′N, 12◦56′W), Laayoune (27◦09′N, 13◦13′W), Lanzarote (28◦57′N, 13◦36′W)
and Tan-Tan (28◦27′N, 11◦09′W).
morphological characteristics from W .
A.3 Propagation speed
The displacement can be measured within a resolution of few meters by using either two
GPS contours (separated by typically one year), one GPS contour and an aerial photograph
(with almost a 30 years interval in Morocco) or two aerial photographs (separated by
47 years in La Joya). This guarantees a precision that is less than a percent for the
velocity c: as one can expect, the first method works fine for the smaller dunes, whereas
the second one is better for larger ones as one need to be able to recognize the dune after
several decades of evolution. c and H are related to each other by the conservation of
matter, through the sand flux passing at the crest. Assuming that this flux is proportional
to the saturated sand flux Q over a flat bed i.e. the maximum amount of sand that can
be transported by a wind of a given strength, Bagnold has suggested a law of the form
c(H) = aQ/H, where the parameter a is related to the speed-up factor (∼ 1.4) of the wind
velocity on the back of a barchan. Here we express the velocity c as a function of the width
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W and we introduce a cut-off size W0:
c =
bQ
W +W0
, (6)
with b ∼ 45. The existence of a cut-off length corresponds to the fact that very small dunes
propagate at a finite velocity, as predicted by a linear stability analysis [Andreotti et al.,
2002b; Elbelrhiti et al., 2005]. The fit of the data gives W0 ∼ 16.6 m which reasonably is
in between λc and λm.
To check this relation, Q can be computed from wind speed time series. We obtain
the time series for Q using calibration curves provided by Iversen and Rasmussen [1999],
which, for d = 180 µm, can be fitted by Q = 25
ρf
ρs
√
d
g
(u2∗−u2th) with a good approximation
[Andreotti, 2004]. Q vanishes below the threshold shear velocity uth ∼ 0.1
√
ρs
ρf
gd with
ρs = 2650 kg/m
3 and ρf = 1.2 kg/m
3. Then, the sand flux rose is computed by integration
over one year of the saturated flux for each compass direction (30◦ wide bins). The sand
flux rose is a standard tool to characterise the wind regime. An index of the directional
variability of the wind is given by the ratio of the resultant drift potential (RDP) to the
drift potential (DP). The DP is the integral of | ~Q(t)| whereas RDP is the modulus of the
integral of ~Q(t). We obtain a RDP/DP of 0.91 (slightly less, 0.89, for the flux/velocity
relationship commonly used), which corresponds to a narrow unimodal wind regime in the
classification proposed by Fryberg and Dean. The region around Tarfaya (Atlantic Sahara)
is thus comparable to other regions on Earth where the wind regime is very unidirectional
(RDP/DP of 0.87 in Walis Bay, Namibia, 0.91 in Chimbote, Peru, 0.92 in Bulgan, Mongolia,
and 0.97 in Aranau, Brazil).
If we average expression (6), we see that the mean velocity is related to the mean
flux (the RDP value), noted also Q for simplicity. Using three airport wind time series
(Laayoune, Lanzarote and Tan-Tan), and one obtained in the middle of the dune field,
close to Tarfaya, we obtain values for Q between 60 and 90 m2/year. The mean dune
velocity also varies from year to year and from place to place. As a matter of fact, the raw
velocity data shown in panel (b) of the figure are quite dispersed. In order to improve the
data collapse, we divided each data set by the corresponding value of Q obtained from a
fit of the considered set. These values for Q read, all in m2/year, 84 (N), 75 (4), 67 ()
and 90 (◦), see figure 19 for the meaning of the symbols.
Figure 20 shows the displacement of dunes in La Pampa de la Joya from Oct. 1958
to Fev. 2005. Due to a rather low dune density, the number of collisions or major re-
arrangement events was so small that most of the dunes could be traced over this very
long period of time. In agreement with what was mentioned by Lettau and Lettau, some
systematic variations of the velocities across the field are observed (see figure 20). Another
particularity of the wind flow of the region is that, although a unimodal regime is well
kept, the wind main direction continuously rotates from south to north, due to local relief
(mountains). As a result, the sand flux rose computed with data from Arequipa (no wind
data time series available at La Joya unfortunately) shows a resultant direction almost
perpendicular to that of La Joya (see figure 20b). With the graph of figure 19, our results
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Figure 20: (a) Dune velocity versus W measured in zone F over a time interval of 47 years.
The different symbols are for different parts of the field (the darker, the further east). The
solid lines are data fits with equation (6): dotted line eastern and western parts, dashed
line central part, solid line the whole field. The fits give Q ∼ 20 m2/year. (b) Sand flux rose
at Arequipa (16◦24′S 71◦31′W). As evidenced on the map of figure 2, the wind direction
has turned by almost 90 degrees in comparison with La Joya, but the wind regime remains
mono-directional.
demonstrate the validity of Bagnold’s law over a wide range with all wind speed influence
captured in the value of Q.
B Dune size distribution
Several options are available to define a dune size distribution. One can simply count the
number of dunes δN(W,A) in that domain whose width is between W and W + δW . The
PDF is then computed as P (W,A) = δN(W,A)/δW/NA, where NA is the total number of
dunes in the domain. This is valid in the regime where the shape of the PDF is insensitive
to the value chosen for the interval δW . Another possibility is to weight the value of P
with some supplementary factor, that is a function of the dune size, e.g. the width to some
power α. A fairly more general formula is then
Pα(W,A) = δN(W,A)/δW W
α∑
i∈AW
α
i
, (7)
where the integer i runs over all dunes in the domain A. The standard α = 0 case gives
favor to small dunes, whereas a larger value of α increases the weight of large ones. This
analysis is important for what we want to call a ‘corridor’ of barchans or how we can classify
a group of dunes. Take for example a domain where some large dunes are surrounded by
many little ones. Should it be effectively thought as a bunch of small dunes because the
number of large ones is only small fraction of the total number of dunes, or should it be
considered as a loosely group of large dunes because they are the ones which contain and
carry most of the sand, the contribution of the small ones being negligible? In figure 21
33
0.02
0.01
0
250200150100500
W (m)
Pα
weighted in number (P0)
weighted in surface (P2)
weighted in volume (P3)
Figure 21: Probability density functions Pα(W ) computed over the Laayoune field (zone
C). α = 0 (weighted in number) favors small dunes whereas α = 3 (weighted in volume)
increases the importance of large ones. α = 2 (weighted in surface) gives a good neutral
compromise.
we plot Pα(W ) for different values of α, computed over the whole zone C domain (∼ 3200
dunes). These curves show that α = 2 (surface weighting) gives roughly the same weight
to small and large dunes.
Finally, as in figure 5b, one can compute the distribution Plog of the dune width loga-
rithm. This is particularly interesting if one wants to test the existence of scale-free multi-
plicative processes, whose signature is a log-normal law. For a weighting in number, one ob-
tains the relation: Plog(lnW )d lnW = P0(W )dW so that Plog(lnW ) ∝ WP0(W ) ∝ P1(W ).
In practice, Plog is obtained directly by bining lnW instead of W .
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